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Abstract
In this paper, we have studied the gravitational baryogenesis of isotropic and ho-
mogeneous universe in the frame-work of general relativity. We investigate an exact
and new solution of Einstein’s field equations for FRW metric. Our solution repre-
sents a transitioning model of the universe which was expanding in decelerated mode
and it transit in accelerated mode after dominance of cosmological constant Λ. We
observe that gravitational baryogenesis occurs in the derived universe and derived
baryon entropy ratio is in good agreement with its observational value.
PACS number:98.80.-k, 04.20.Jb,.
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1 Introduction
The cosmological observations have confirmed that the universe is in accelerated mode
of expansion at present epoch [1, 2]. It has been cited that an unknown form of energy
with negative pressure is the reason for the accelerated expansion of the universe. Though
the exact form of this energy is still unknown, but the recent observational results in-
dicate that this unkwown energy has occupied about 68% of the total energy budget of
the universe [3]. This mysterious form of energy is known as dark energy and it was less
effective in early stage of evolution of the universe but it dominates the present universe.
Since it does not interact with the baryonic matter, hence it is hard to detect the dark
energy. Theoretically, this can be studied with the cosmic expansion history H(z) and the
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growth rate of cosmic large scale structure fg(z) [4]. Several theoretical models based on
dark energy showing acceleration expansion of the universe have been proposed in last two
decades [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15]. The most suitable and prominent candidate of
dark energy is the cosmological constant Λ. Apart from fine tuning and cosmic coincidence
problems, the ΛCDM model is the promising cosmological model to describe dynamics of
the universe at present epoch [18, 19, 20].
The Big-Bang Nucleosynthesis (BBN) and Cosmic Microwave Background (CMB) predicts
that the universe contains an excess of matter over antimatter [21, 22]. Ade et al [3] have
obtained observational constraints on baryon-entropy ratio as ηB ≤ 9× 10−11. Baryogen-
esis is a theoretical process which fall out in the early stage of evolution of the universe.
However, in modern cosmology, we believe that all particles burst into cosmos, follows same
law of physics. Thus, the production of equal amount of matter and antimatter must lead
to zero baryon number in the universe. The interactions beyond the standard models have
been studied to decode the matter and antimatter engima in Refs [24, 25, 26, 27]. In 1981,
Dolgov had investigated thermal baryogenesis for black hole evaporation [28]. However, to
generate baryon asymmetry, there are mainly three conditions i) violation of net baryon
number ii) violation of Charge and Charge-Parity symmetry and iii) interactions beyond
thermal equilibrium [29]. These conditions are known as Sakharov’s criterion for baryon
asymmetry. To satisfy the latter two conditions, the conventional approach has been to
innovate interactions that violate Charge and Charge-Parity symmetry in vacuum and a
period when the universe is evolving beyond the thermal equilibrium.
The violation of baryon asymmetry has been also reported in Refs [30, 31]. In Refs. [30],
the authors have investigated that baryon asymmetry exist in an expanding universe with
thermal equilibrium and without Charge-Parity symmetry. In the recent past, the con-
cept of baryogenesis has been experimentally verified which trigger cosmologist to think
in this direction. Some pioneer works on gravitational baryogenesis are given in Refs.
[32, 33, 34, 35, 36]. Recently, Bhattacharjee and Sahoo [37, 38] have studied gravitational
baryogenesis in f(Q,T ) and f(R, T ) gravity respectively.
In this paper, we have investigated gravitational baryogenesis of isotropic and homoge-
neous universe in the frame-work of general relativity. We obtain exact and stable solution
of Einstein’s fields equations that generate baryon asymmetry in accelerating universe also.
The shape of the paper is as follows: Section 1 is introductory in nature. In section 2,
we have discussed the model and its physical properties. We have checked the stability of
solution in section 3. Section 4 deals with the occurrence of gravitational baryogenesis in
the derived universe. Finally the conclusions are drawn in section 5.
2
2 The model and its physical properties
The isotropic and homogeneous gravitational field is read as
ds2 = dt2 − a2(t)(dx2 + dy2 + dz2) (1)
where a(t) is the scale factor.
The Einstein’s field equation with cosmological constant (Λ) is given by
Rij − 1
2
Rgij − Λ gij = 8piGTij (2)
where R is the Ricci scalar and other symbols have their usual meaning.
The energy-momentum tensor (Tij) of perfect fluid is read as
Tij = (ρ+ p) vi vj − p gij (3)
where vi is four velocity vector satisfying vi vi = 1.
In equation (3), p and ρ are the isotropic pressure and energy density of the fluid under
consideration.
Solving (2) with space-time (1), we obtain the following system of equations
2 a¨
a
+
a˙2
a2
= −8piGp+ Λ (4)
3 a˙2
a2
= 8piGρ+ Λ (5)
The well known equation of state for perfect fluid is given by
p = ω ρ (6)
where ω is known as equation of state parameter.
Using (4) and (5), the equation (6) becomes:
2 a¨
a
+ (1 + 3ω)
(
a˙
a
)2
= (1 + ω) Λ. (7)
The general solution of equation (7) is obtained as
a(t) = m sinh
2
3 (1 + ω) (Λ0 (1 + ω) t+ t0) (8)
where m and t0 are constants of integration while Λ0 =
√
3 Λ
4
.
Using equation (8) in equations (4) and (5), the expressions for energy density and pressure
are obtained as
ρ(t) =
Λ20 csch
2 [Λ0 (1 + ω) t+ t0]
6piG
. (9)
3
Figure 1: Dynamics of model parameters versus time for m = 0.025, Λ0 = 0.45, ω = 0.001
and t0 = 0.002.
p(t) =
ωΛ20 csch
2 [Λ0 (1 + ω) t+ t0]
6piG
(10)
Here, csch [Λ0 (1 + ω) t + t0] stands for cosech [Λ0 (1 + ω) t + t0].
The deceleration parameter q and Hubble parameter H are read as
q = −a a¨
a˙2
= −1 + 3 (1 + ω)
2
sech2 [Λ0 (1 + ω) t+ t0] . (11)
H =
a˙
a
=
2 Λ0
3
coth [Λ0 (1 + ω) t+ t0] . (12)
The behaviour of kinematical and physical parameters of derived model are graphed in
Fig. 1. From upper left panel of Fig. 1, we observe that the universe was expanding with
4
decelerating phase in its initial epoch and it turns into accelerating phase with dominance
of cosmological constant. This reflects that the derived universe represents a model of
transitioning universe from matter dominated era cosmological constant dominated era.
Figure 2: Validation of energy conditions for Λ0 = 0.45 and t0 = 0.002.
The energymomentum tensor is usually required to satisfy four different energy conditions
[41]. The four different types of energy conditions are described as follows.
i) Null energy condition (NEC): ρ ≥ 0
ii) Weak energy condition (WEC): ρ+ p ≥ 0
5
iii) Dominant energy condition (DEC): ρ− p ≥ 0
iv) Strong energy condition (SEC): ρ+ 3p ≥ 0
The above energy conditions are not independent. One can observe that if (i) DEC holds,
also the WEC holds (ii) if WEC holds, also NEC holds (iii) if SEC holds, also NEC holds.
From these relations, we can conclude that WEC and NEC are the important energy con-
ditions as their violation leads to the violation of other energy conditions. The validation
of energy conditions in our derived model are shown in Fig. 2.
3 Stability of solution
In this section, we check the stability of solution with respect to the perturbation of the
metric as following.
ai → aBi + δai = aBi (1 + δbi) (13)
With reference to equation (13), the perturbations of volume scalar, directional expansion
scalar and mean expansion scalar are read as
V → VB + VB
∑
i
δbi, θi → θBi +
∑
i
δbi, θ → θB + 1
3
∑
i
δbi (14)
The metric perturbation δbi satifies the following equations [42, 43, 44, 45].∑
i
δb¨i + 2
∑
θBi δb˙i = 0 (15)
δb¨i +
V˙B
VB
δb˙i + θBi
∑
j
δb˙j = 0 (16)
∑
δb˙i = 0 (17)
Equations (15)−(17) lead to
δb¨i
δb˙i
+
V˙B
VB
= 0, (18)
where VB is the background spatial volume and it is obtained as
VB = m
3 sinh
2
(1 + ω) [Λ0 (1 + ω) t+ t0] (19)
Integrating the equations (18), we have
δb˙i =
Λ0 (1 + ω) 0m
3
VB
= Λ0 (1 + ω) 0 sinh
−
2
(1 + ω) [Λ0 (1 + ω) t+ t0] , (20)
6
Figure 3: The behaviour of δai versus time for 0 = 0.0003, 1 = 0.005, m = 0.025,
Λ0 = 0.45, ω = 0.001 and t0 = 0.002.
where 0 is a constant of integration.
Integrating equation (20), we obtain
δbi =
(− 1) 3 + ω2 (1 + ω) 0 cosh ( Λ0 (1 + ω) t+ t0)
×Hypergeometric2F1
[
1
2
,
1
2
+
1
1 + ω
,
3
2
, cosh2 ( Λ0 (1 + ω) t+ t0)
]
+ 1,
(21)
where 1 is a constant of integration and Hypergeometric2F1 is defined as
Hypergeometric2F1 [a, b, c, z] = 2F1 [a, b; c; z] =
∞∑
k=0
(a)k (b)k z
k
k! (c)k
= 1 +
a b z
c
+
a (1 + a) b (1 + b) z2
2 c (1 + c)
+
a (1 + a) (2 + a) b (1 + b) (2 + b) z3
6 c (1 + c) (2 + c)
+ ....
Thus, the actual fluctuations δai = aBiδbi is obtained as
δai = m sinh
2
3 (1 + ω) (Λ0 (1 + ω) t+ t0)
((− 1) 3 + ω2 (1 + ω) 0 cosh ( Λ0 (1 + ω) t+ t0)
×Hypergeometric2F1
[
1
2
,
1
2
+
1
1 + ω
,
3
2
, cosh2 ( Λ0 (1 + ω) t+ t0)
]
+ 1
)
,
(22)
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The behaviour of actual fluctuations δai versus time is depicted in Figure 3. We observe
that δai starts with small positive value at t = 0 and it decreases with evolution of the
universe. At late time δai → 0, which indicates that the obtained solution is stable against
the perturbation of gravitational field.
4 Gravitational baryogenesis
The baryon asymmetry factor which determines the baryogenesis is given by
ηB =
nB − n¯B
s
(23)
where nB and n¯B denote the baryon and anti-baryon numbers respectively and s is the
entropy of the universe.
Following Ade et al [3], the CMB and Big Bang Nucleosynthesis observational constraints
on baryon asymmetry factor as ηB ≤ 9 × 10−11. In 2004, Davoudiasl et al [39] have
introduced a mechanism to generate baryon asymmetry due to interaction between baryon
number current density Jµ and R˙, as
±1
M2?
∫
Jµ
√−g (∂µR) d4x;
where M? is cutoff scale of energy in effective theory [40].
We assume R˙ = µBM
2
? is the total baryonic chemical potential and gb is the total number
of internal degree of freedom of baryons. Hence, at equilibrium, the total baryon number
density is read as nB =
1
6µBgbT
2. Referring to Davoudiasl et al [39], the ratio of baryon
to entropy below critical temperature TD is given by
nB
s
' −15 gB R˙
4pi2 g?sM2? T
2
D
(24)
where g?s =
45s
2pi2 T 3
.
From equation (24), it is clear that R˙ = 0 leads
nB
s
= 0. So, for gravitational baryogenesis,
R˙ must be non-vanishing.
The Hubble’s parameter is defined as
H =
a˙
a
(25)
Solving equations (4), (5), (6) and (25) together we obtain the following system of equa-
tions
H˙ = −4piG (1 + ω) ρ (26)
8
ω = −1− H˙
3H2
2
− 2 Λ
2
0
3
= −1− 2 H˙
3H2 − Λ . (27)
The Ricci scalar curvature for flat FLRW model is given by
Figure 4: Plot of
nB
s
versus t for g?s = 106, gB ∼ 1, TD = 2 × 1012 Gev and M? =
2×1016 Gev. Blue line indicates theoretical profile while dotted red line represents current
observational constraint.
R = −6 (H˙ + 2H2) (28)
Using equations (5) and (26), equation (28) leads
R = 8piG [3 (1 + ω)− 4] ρ− 4 Λ. (29)
Therefore, the expression for Ricci scalar is read as
R =
4 Λ20
3
(
1 + 3ω − 2 cosh [2 Λ0 (1 + ω) t+ t0]
)
csch2 [Λ0 (1 + ω) t+ t0] . (30)
Therefore, the first derivative of R is given by
R˙ = −8 Λ
3
0
3
(1 + ω) (3ω − 1) coth [Λ0 (1 + ω) t+ t0] csch2 [Λ0 (1 + ω) t+ t0] . (31)
Equations (24) and (31) lead to
nB
s
' 15 gB
4pi2 g?sM2? T
2
D
[
8 Λ30
3
(1 + ω) (3ω − 1) coth [Λ0 (1 + ω) t+ t0] csch2 [Λ0 (1 + ω) t+ t0]
]
(32)
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Figure 4 shows baryon to entropy ratio as a function of age (t). We choose g?s = 106,
gB ∼ 1, TD = 2 × 1012 Gev and M? = 2 × 1016 Gev. This choice of M? has been
detected in the form of gravitational waves by LIGO and reported in Davoudiasl et al
[39]. The observations indicate that
nB
s
∼ 9.0 × 10−11. Our obtained theoretical value
of baryon entropy ratio for accepted range of age is in good agreement with observations.
5 Conclusion
In this paper, we have investigated an exact gravitational baryogenesis of isotropic and
homogeneous universe in the framework of general relativity. We observe that the derived
model presents an accelerated expansion of universe at present epoch. The energy den-
sity and pressure of the universe decreases as time increases. For baryogenesis interaction
involving derivative of Ricci scalar (R˙), our model shows the baryon entropy ratio is in
good contrast with their corresponding observational value. We find that baryon to en-
tropy ratio is proportional to R˙ and the universe is comprising predominantly with perfect
fluid having barotropic equation of state p = ω ρ. In the expansion era, the universe was
entered in accelerated phase and cosmic dynamics is governed by cosmological constant at
present epoch. For cosmological constant dominated universe,
nB
s
is found to be in good
agreement with its value obtained from observations.
The other physical parameters like Hubble parameter H, energy density ρ, and scale factor
a are depicted in Fig. 1. The Hubble parameter H and energy density ρ are positive and
tends to null at infinite time while the scale factor is increasing function of time. The
dynamics of deceleration parameter shows a signature flipping from positive to negative
value which turn into imply that the current universe is in accelerating phase. Therefore,
our model represents a viable model of accelerating universe in which gravitational baryo-
genesis occurs.
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